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We propose an electrically driven spin injector into normal metals and semiconductors, which is based on a
magnetic tunnel junction (MTJ) subjected to a microwave voltage. Efficient functioning of such an injector is
provided by electrically induced magnetization precession in the “free” layer of MTJ, which generates the spin
pumping into a metallic or semiconducting overlayer. To validate the feasibility of the proposed device, we the-
oretically describe the spin and charge dynamics in the CoFeB/MgO/CoFeB/Au and CoFeB/MgO/CoFeB/GaAs
tunneling heterostructures. First, the magnetization dynamics in the free CoFeB layer is quantified with the ac-
count of a spin-transfer torque generated by the spin-polarized current flowing through the MTJ and a voltage-
controlled magnetic anisotropy associated with the CoFeB|MgO interface. The calculations are performed in
the macrospin approximation for an ultrathin CoFeB layer with perpendicular anisotropy and nanoscale in-plane
dimensions. By numerically solving the Landau-Lifshitz-Gilbert-Slonczewski equation, we determine depen-
dences of the precession amplitude on the frequency f and magnitude Vmax of the ac voltage applied to the MTJ.
It is found that the frequency dependence changes drastically above the threshold amplitude Vmax ≈ 200 mV,
exhibiting a break at the resonance frequency fres due to nonlinear effects. The results obtained for the mag-
netization dynamics are then used to describe the spin injection and pumping into the Au and GaAs overlayers.
The total spin-current density near the interface is calculated as a function of time at different excitation fre-
quencies and voltage amplitudes. Since the generated spin current creates additional charge current owing to
the inverse spin Hall effect, we also calculate distributions of the charge-current density and electric potential
in the thick Au overlayer. The calculations show that the arising transverse voltage, which can be used to probe
the efficiency of spin generation electrically, becomes experimentally measurable at f = fres. Finally, we eval-
uate the spin accumulation in a long n+-GaAs bar coupled to the MTJ and determine its temporal variation and
spatial distribution along the bar. It is found that the ac spin accumulation under resonant excitation is large
enough for experimental detection via a voltage between two ferromagnetic nanocontacts even at micrometer
distances from the MTJ. This result demonstrates high efficiency of the described nanoscale spin injector driven
by microwave voltage.
I. INTRODUCTION
Efficient spin injectors are necessary for the functioning of
various spintronic devices, such as spin diodes, spin field-
effect transistors, magnetic bipolar transistors, hot-electron
spin transistors, and spin-based logic gates [1, 2]. The key
element of such injectors is a ferromagnet providing a spin
imbalance in a neighboring normal metal or semiconductor.
In all-metallic heterostructures, the spin imbalance can be
achieved by simply injecting a spin-polarized current from
the ferromagnetic emitter into a paramagnetic or diamagnetic
metal [3, 4]. However, this direct spin injection becomes in-
efficient for semiconductors due to an impedance mismatch
at the interface [5]. The problem can be solved by insert-
ing of a tunnel barrier at a ferromagnet-semiconductor inter-
face, as predicted theoretically [6] and demonstrated experi-
mentally at room temperature for a CoFe-MgO tunnel injector
into GaAs [7]. However, the injected spin-polarized carriers
are hot, whereas cold-electron spin injection is desirable for
semiconductor devices [8].
Another method to create a spin current and spin accu-
mulation in a normal conductor is based on the spin pump-
ing generated by a ferromagnet with precessing magnetiza-
tion [8]. When the precessing metallic ferromagnet is brought
into Ohmic contact with the conductor, it represents a “spin
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battery”, which becomes effective at the ferromagnetic reso-
nance [9]. Efficient spin pumping into various normal metals
has been achieved with the aid of metallic and insulating ferro-
magnetic films excited by microwave magnetic fields [10–14].
Room-temperature generation of spin flow in semiconduc-
tors through both Ohmic and Schottky contacts was demon-
strated by this technique as well [15, 16]. However, the use
of microwave magnetic fields has serious disadvantages for
practical applications, such as associated high energy losses
and issues related with the downscaling of spintronic devices.
Fortunately, the magnetization precession can also be excited
electrically using spin-polarized currents [17–20], electric-
field-dependent magnetic anisotropy [21–24], and piezoelec-
trically generated elastic waves [25–29], which opens the pos-
sibility to develop spin injectors with greatly reduced power
consumption.
In this paper, we theoretically study a nanoscale magnetic
tunnel junction (MTJ) subjected to a microwave voltage and
show that it can be employed as an efficient spin injector
into normal metals and semiconductors. To this end, we first
describe electrically induced magnetization precession in the
“free” layer of a CoFeB/MgO/CoFeB junction with the ac-
count of additional damping caused by the spin pumping into
a metallic or semiconducting overlayer [30]. The calculations
are carried out in the macrospin approximation via numer-
ical integration of the Landau-Lifshitz-Gilbert-Slonczewski
(LLGS) equation. Since the spin pumping generated by the
precession should intensify with increasing amplitude Vmax
of the ac voltage applied to the MTJ, our analysis focuses on
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2peculiarities of the magnetization dynamics appearing in the
range of enhanced amplitudes Vmax, where nonlinear effects
become important. The results obtained for the magnetiza-
tion precession in the free CoFeB layer are then employed to
calculate the spin injection and pumping into an Au overlayer
and into a GaAs bar coupled to the MTJ. To evaluate the ef-
ficiency of the proposed spin injector, which can be probed
electrically [3, 11], we also quantify the charge flow and the
distribution of electric potential in the Au overlayer and cal-
culate the spin accumulation in the GaAs bar.
II. MAGNETIZATION DYNAMICS
DRIVEN BY MICROWAVE VOLTAGE
Magnetic dynamics in MTJs can be generated electrically
because a spin-polarized current creates a spin-transfer torque
(STT) when the magnetizations of two electrodes are non-
collinear [31, 32]. Furthermore, in MgO-based MTJs hav-
ing voltage-controlled magnetic anisotropy (VCMA), mag-
netization oscillations can be induced in the free layer (FL)
by microwave-frequency voltages even in the absence of sig-
nificant STTs [21, 23, 24]. To enhance the STT acting
on the FL magnetization, one can employ an MTJ with an
ultrathin FL having perpendicular magnetic anisotropy [33,
34] and a thick reference layer (RL) with in-plane mag-
microwave
~
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FIG. 1. Design of electrically driven spin injector based on magnetic
tunnel junction subjected to a microwave voltage. The studied het-
erostructure comprises CoFeB/MgO/CoFeB tunnel junction with an
ultrathin free layer covered by Au or GaAs. Information on the spin
injection into the overlayer can be obtained by measuring the voltage
V caused by the inverse spin Hall effect with the aid of nanowires
brought into contact with opposite lateral sides of the overlayer.
netization (Fig. 1). This feature motivated us to con-
sider such a geometry in our study, where we focus on
the Co20Fe60B20/MgO/Co20Fe60B20 junction having pro-
nounced VCMA [22]. It should be noted that, owing to the
interlayer exchange coupling (IEC) between FL and RL, the
FL magnetization M slightly deviates from the perpendicular-
to-plane orientation (polar angle θ ≈ 3◦) even in the absence
of applied voltage and external magnetic field. Therefore, the
VCMA contributes to the voltage-induced destabilization of
the FL magnetization along with the STT [23].
To quantify the magnetization oscillations δM(t) generated
by the applied ac voltage Vac = Vmax sin (2pift) in FL with
nanoscale in-plane dimensions, we use the LLGS equation
and the macrospin approximation, which implies the same
magnetization direction m = M/Ms in the whole FL and
a constant saturation magnetization Ms. RL is assumed to
be uniformly magnetized with a fixed magnetization direc-
tion mRL unaffected by the applied voltage, which is con-
firmed by numerical calculations at the considered RL thick-
ness tRL = 3 nm. Since the field-like torque does not change
the magnetic dynamics qualitatively [22, 35], we write the
LLGS equation in the form
dm
dt
= −γµ0m×Heff + αm× dm
dt
+
τSTT
Ms
m× (m×mRL),
(1)
where γ > 0 is the electron’s gyromagnetic ratio, µ0 is
the permeability of vacuum, α is the Gilbert dimension-
less damping parameter, and Heff is the effective magnetic
field acting on the FL magnetization. The last term in Eq.
(1) allows for the STT created by the spin-polarized cur-
rent flowing across FL, with the factor τSTT being propor-
tional to the applied voltage V = Vdc + Vac in the first
approximation. In the case of elastic tunneling in sym-
metric MTJs, the theoretical calculations yield τSTT =
(γ~/2e)(V GP/tFL)η/(1+η2), where e > 0 is the elementary
charge, ~ is the reduced Planck constant, tFL is the FL thick-
ness, η =
√
(GP −GAP)/(GP +GAP) is the MTJ asymme-
try factor, and GP and GAP are the junction’s conductances
per unit area at parallel and antiparallel electrode magnetiza-
tions, respectively [32]. To take into account the influence of
the precession-induced spin pumping into a metallic or semi-
conducting overlayer, we renormalize the parameters γ and α
involved in Eq. (1) as [30]
α =
γ
γ0
(
α0 +
gLµB
4piMstFL
Re
[
gr↑↓
])
,
1
γ
=
1
γ0
(
1 +
gLµB
4piMstFL
Im
[
gr↑↓
])
,
(2)
where γ0 and α0 denote the values of γ and α in the absence
of spin pumping, gL is the Lande´ factor, µB is the Bohr mag-
neton, and gr↑↓ is the complex reflection spin-mixing conduc-
tance per unit area of the FL-overlayer contact [36]. Since
in our case the numerical estimates demonstrate a negligible
3dependence of the Gilbert parameter α0 on the magnetization
precession power [37], we consider α0 as a constant quantity.
For a homogeneously magnetized ultrathin CoFeB layer,
the field Heff = −(µ0Ms)−1∂F/∂m involved in Eq. (1)
can be determined by differentiating the effective volumet-
ric Helmholtz free-energy density F of that layer. The
magnetization-dependent part ∆F (m) of this energy may be
written as
∆F ' K1(m21m22 +m21m23 +m22m23) +
Ks
tFL
m23 +
1
2
µ0M
2
s (N11m
2
1 +N22m
2
2 +N33m
2
3
+2N12m1m2 + 2N13m1m3 + 2N23m2m3)− UIEC
tFL
m ·mRL,
(3)
where mi (i = 1, 2, 3) are the projections of m on the crys-
tallographic axes xi of the CoFeB layer, which is assumed
to be epitaxial with the x3 axis orthogonal to its surfaces,
K1 characterizes the cubic magnetocrystalline anisotropy of
CoFeB [38], Ks defines the total specific energy of the FL
surfaces, UIEC is the IEC energy per unit area, Nij are the de-
magnetizing factors, and the external magnetic field is absent
in our case. Since the magnetic anisotropy associated with
the Co20Fe60B20|MgO interface varies with the electric field
E3 created in MgO [34, 39], the factor Ks appears to be a
voltage-dependent quantity. In the linear approximation sup-
ported by first-principles calculations [40] and experimental
data [39], Ks = K0s + ksV/tb, where K
0
s = Ks(E3 = 0),
ks = ∂ks/∂E3 is the electric-field sensitivity of Ks, and tb is
the thickness of MgO tunnel barrier.
The numerical integration of Eq. (1) was realized with the
aid of the projective Euler scheme at a fixed integration step
δt = 10 fs. The computations were performed for the rectan-
gular FL with nanoscale in-plane dimensions L1 = 200 nm
and L2 = 80 nm and the thickness tFL = 1.69 nm smaller
than the threshold thickness tSRT = 1.718 nm, at which a
spin reorientation transition (SRT) to the in-plane magnetiza-
tion orientation takes place at V = 0. The FL demagnetizing
factors Nii were calculated analytically [41] and found to be
N11 = 0.0131,N22 = 0.0336, andN33 = 0.9533 (in our case
N12 = N13 = N23 = 0). Other FL parameters and the con-
ductance of the junction with a typical MgO thickness tb =
1 nm are listed in Table I. Note that the magnetic anisotropy
associated with the Co20Fe60B20|overlayer interface [42] was
neglected in comparison with that of the Co20Fe60B20|MgO
one, and the IEC energy was evaluated via the relationUIEC ≈
5.78 exp (−7.43× 109m−1tb) mJ m−2 [43].
The magnetization dynamics was first quantified for the
Co20Fe60B20 FL covered by the Au layer with the thickness
tAu = 200 nm. The voltage drop across the Au overlayer
was neglected, because its resistance is much smaller than the
MTJ resistance. The displacement current IC = CdVac/dt
proportional to the junction’s capacitance C = ε0εMgOA/tb
(A is the MTJ area, εMgO = 9.8 is the barrier permittiv-
ity [48]) was found to be insignificant in comparison with
the tunnel current Itun ≥ GAPAVac, because the ratio
2pifC/(GAPA) is less than 10% even at the highest studied
frequency ν = 1.7 GHz. Since gold is a good heat conductor,
we also ignored the FL heating caused by the microwave cur-
TABLE I. Parameters of CoFeB free layer and CoFeB/MgO/CoFeB
tunnel junction used in numerical calculations.
Parameter Value Reference
Ms 1.13× 106 A m−1 [44]
α0 0.01 [33]
K1 5 kJ m−3 [45]
K0s −1.3× 10−3 J m−2 [33]
ks 31 fJ V−1 m−1 [39]
GP 1.778× 1010 S m−2 [46]
η 0.577 [33]
pFL 0.53 [47]
UIEC 3.4 µJ m−2 [43]
rent, which leads to significant heat-driven spin torques in the
CoFeB/MgO/FeB/MgO heterostructure [49].
To evaluate the reflection spin-mixing conductance gr↑↓ of
the Co20Fe60B20|Au interface, we used the theoretical esti-
mate obtained for the Fe|Au one [36]. Taking Re[gr↑↓] =
1.2 × 1019 m−2, from Eq. (2) we obtained α = 0.019 for
the renormalized damping parameter. Since Im
[
gr↑↓
]
should
be negligible at the considered FL thickness tFL = 1.69 nm,
which is well above a few-monolayer range, the parameter γ
was set equal to γ0. It should be noted that the spin backflow
into FL caused by the spin accumulation in the overlayer re-
duces the renormalized damping parameter α [50]. However,
this reduction increases the amplitude of magnetization oscil-
lations and may be ignored in the first approximation at the
considered thickness tAu = 200 nm, which is much larger
than the spin diffusion length λsd = 35 nm in Au [12].
The numerical calculations were focused on the determi-
nation of the frequency dependence of magnetization preces-
sion at different amplitudes Vmax of the applied microwave
voltage. As a suitable characteristic of the precession mag-
nitude, we employed the sweep ∆m1 = mmax1 − mmin1 of
the scalar product m · mRL that governs the MTJ conduc-
tance G = GP(1 + η2m ·mRL)/(1 + η2). It was found that,
at small voltages Vmax ≤ 20 mV, the dependence ∆m1(f)
involves a strong symmetric peak situated at the resonance
frequency fres ' 1.33 GHz and a finite number of minute
peaks located at frequencies fn = fres/n (n = 2, 3, 4, ).
As the voltage Vmax increases, all peaks grow, gradually be-
come asymmetric and shift to lower frequencies fres(Vmax)
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FIG. 2. Frequency dependences of the amplitude of magnetization precession in the free CoFeB layer covered by Au calculated at different
amplitudes Vmax of the microwave voltage applied to the tunnel junction. Each new simulation starts from a steady-state precession generated
during the previous simulation performed at a slightly differing excitation frequency. The graphs show the swing ∆m1 of the scalar product
m ·mRL of the unit vectors directed along the FL and RL magnetizations. Voltage amplitudes Vmax are indicated near the curves. Panels (a)
and (b) present ∆m1(f) calculated at both increasing and decreasing voltage frequency f , whereas panel (c) shows results only for increasing
frequency.
and fn(Vmax) 6= fres(Vmax)/n [see Fig. 2(a)]. Remark-
ably, the steep segment of ∆m1(f) just below the frequency
fres of the main peak breaks above a threshold amplitude
Vmax = Vth ≈ 205 mV [see Fig. 2(b)]. When Vmax increases
up to about 600 mV, similar breaks appear at the frequencies
fn of the secondary peaks and a second break of the main peak
emerges at f > fres [Fig. 2(c)].
Peculiar dependences of the precession amplitude on the
frequency of applied voltage, which appear at Vmax > Vth,
are solely due to nonlinearity of the function ∆F (m) defined
by Eq. (3). Indeed, when only the STT and some fixed effec-
tive field Heff are taken into account in the numerical calcu-
lations, the dependence ∆m1(f) assumes the standard form
with a single symmetric peak situated at corresponding reso-
nance frequency. Furthermore, the distorted shape of the main
peak and the hysteresis shown in Fig. 2(b) can be explained by
considering the effective field Heff involved in Eq. (1). In the
first approximation, the out-of-plane component of Heff can
be written as
Heff3 = −
(
2Ks
µ0MstFL
+MsN33
)
m3, (4)
where the sum in the brackets is negative owing to the pre-
vailing perpendicular anisotropy created by the CoFeB|MgO
interface. If the excitation frequency approaches fres from be-
low, the precession sweep ∆m1(f) increases, which reduces
the average direction cosine 〈m3〉 of the precessing magneti-
zation. Hence according to Eq. (4) the average effective field
〈Heff3 〉 decreases, leading to a reduction in the resonance fre-
quency fres of the large-angle precession. As a result, the
precession amplitude increases further and further and eventu-
ally jumps to the right branch of the resonance curve at some
frequency fup. On the other hand, when the excitation fre-
quency decreases towards fres from above, the accompanying
increase of ∆m1(f) and reduction of 〈m3〉 lower the reso-
nance frequency. This effect extends the right branch of the
resonance curve to frequencies below fup, but the precession
amplitude drops down to the left branch at some frequency
fdown < fup, because small decrease of fres does not com-
pensate further reduction of f . The above considerations ex-
plain the hysteresis of ∆m1(f) and the position of the break
on the frequency scale.
The distortion of the main peak, which we revealed for the
large-angle magnetization precession in the ultrathin CoFeB
GaAs
Au
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FIG. 3. Height ∆m1(fres) of the main peak in the frequency de-
pendence of magnetization precession plotted as a function of the
amplitude Vmax of applied microwave voltage. Red and blue curves
show results obtained for the free CoFeB layer covered by Au and
GaAs, respectively. Vertical dashed lines indicate the threshold volt-
age Vth.
5FIG. 4. Trajectories of the end of the unit vector m during the magnetization precession in the free CoFeB layer covered by Au. Curves show
projections of these trajectories on the (x1, x2) plane parallel to the CoFeB surfaces. Trajectories are calculated at different frequencies f of
the applied microwave voltage Vac with the amplitude Vmax = 400 mV, which are indicated in the figure. The upper row show trajectories
arising at the excitation frequencies fres and fn (n = 2, 3) corresponding to the peaks of ∆m1(f), whereas the lower row presents those
forming at frequencies between fres, f2 and f3. Positive and negative values of the applied voltage Vac(t) are indicated by red and blue color,
respectively.
layer with perpendicular anisotropy, corresponds to the behav-
ior of a Duffing oscillator with a softening nonlinearity [51].
A similar “foldover” effect was observed for the STT-driven
magnetization dynamics in the Co/Ni multilayer excited by a
microwave current [52]. However, such multilayer represents
a hardening system due to the condition Heff3 /m3 < 0 caused
by the prevailing shape anisotropy. Therefore, the resonance
curve should have a break on its right branch when plotted on
the frequency scale, which is supported by the experimental
results [52].
Figure 3 shows the height ∆m1(fres) of the main peak ap-
pearing at increasing frequency f as a function of the volt-
age amplitude Vmax. At Vmax < Vth, the peak height varies
linearly with Vmax, but at higher voltages the variation of
∆m1(fres) becomes nonlinear, which is in line with the sig-
nificant change of the frequency dependence ∆m1(f) appear-
ing above Vth. Remarkably, ∆m1(fres) continues to increase
with voltage even near Vmax = 600 mV, which is due to strong
STT acting on the FL magnetization at the considered small
barrier thickness tb = 1 nm. The revealed behavior is different
from the voltage dependence of the precession amplitude in
the Co20Fe60B20/MgO/Co20Fe60B20 junction with the MgO
thickness of 2 nm [53], which saturates at Vmax ∼ 300 mV
due to negligible STT at such tb. It should be noted that, in the
range of small voltages Vmax << Vth, the results of our nu-
merical calculations agree with those obtained analytically by
solving the linearized LLGS equation. This agreement con-
firms the validity of our computations.
To clarify the origin of the secondary peaks, we deter-
mined the trajectories of the end of the unit vector m dur-
ing the magnetization oscillations generated at different ex-
citation frequencies for a representative voltage amplitude
Vmax = 400 mV. Figure 4 shows projections of these trajecto-
ries on the (x1, x2) plane, which arise at the frequencies fres
and fn (n = 2, 3) corresponding to the peaks of ∆m1(f),
in comparison with those formed at frequencies between fres,
f2, and f3. It can be seen that, at f = fn, the magnetization
makes n full turns around the equilibrium direction during one
period 1/fn of the voltage oscillation. Since fn ≈ fres/n, the
mean period of the forced magnetization precession appears
to be close to the period 1/fres of free oscillations, which ex-
plains enhancement of the precession amplitude at frequen-
cies fn. Evidently, the above condition cannot be fulfilled at
excitation frequencies significantly differing from fres/n. It
should be noted that the predicted secondary peaks are an at-
tribute of parametric resonance [54], which occurs when the
natural oscillation frequency is varied by an external stimulus.
Owing to VCMA, the application of microwave voltage modi-
fies the absolute value |Heff | of the effective field, which gov-
erns the natural precession frequency. Therefore, the presence
of VCMA is responsible for the revealed secondary peaks.
Similar frequency and voltage dependences have been ob-
tained for the electrically driven magnetization precession in
the Co20Fe60B20 free layer covered by GaAs. Since the re-
flection spin-mixing conductance gr↑↓ of the CoFeB|GaAs in-
terface is expected to be relatively small in comparison with
that of the CoFeB|Au one [15], the influence of the spin pump-
ing on the parameters γ and α involved in Eq. (1) can be
ignored. Therefore, the magnetic damping becomes smaller
(α = 0.01), which leads to higher peaks of ∆m1(f) in
the free layer covered by GaAs. The voltage dependence
of the height ∆m1(fres) of the main peak appearing at in-
creasing the excitation frequency is shown in Fig. 3. It is
qualitatively similar to the voltage dependence obtained for
6the Co20Fe60B20 free layer covered by Au, but differs by
larger values of ∆m1(fres) and a smaller threshold voltage
Vth ≈ 82 mV.
III. SPIN INJECTION AND PUMPING
INTO METALLIC OVERLAYER
Using the results obtained for the magnetization dy-
namics induced by the microwave voltage applied to the
Co20Fe60B20/MgO/Co20Fe60B20 junction, we calculated the
spin current generated in the Au overlayer near the interface
with FL. In our case, such current is the sum of two contribu-
tions, which result from the spin pumping caused by the mag-
netization precession and the spin injection proportional to the
spin polarization of the charge current. Since the spin current
spin pumping
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FIG. 5. Time dependences of the total spin-current densities Js31 (a),
Js32 (b), and Js33 (c) generated at the Au/CoFeB interface by the mi-
crowave voltage with the frequency fres = 1.2 GHz and amplitude
Vmax = 400 mV. Contributions of spin-polarized charge current and
precession-induced spin pumping are shown by pink and blue lines,
respectively.
is characterized by the direction of spin flow and the orienta-
tion of spin polarization, we employed a second-rank tensor
Js to define the spin-current density [55]. At the considered
FL thickness, the pumped spin-current density Jsp near the
Co20Fe60B20|Au interface can be evaluated using the formula
en · Jsp ' (~/4pi)Re
[
gr↑↓
]
m × dm/dt, where en is the unit
normal vector to the interface pointing into Au, and Re
[
gr↑↓
]
may be set equal to 1.2 × 1019 m−2 [36]. The spin injection
created by the charge current with the density Jc = GVac is
described by the relation
en · Jsi ' − ~
2e
GP
1 + η2m ·mRL
1 + η2
VacpFLm, (5)
where pFL = (N↑ −N↓)/(N↑ +N↓) is the spin polarization
in the FL having the densities of states N↑ and N↓ of spin-up
and spin-down electrons at the Fermi level, respectively. It
should be noted that the spin flow along the Co20Fe60B20|Au
interface, which is caused by the spin Hall effect, has a neg-
ligible magnitude in comparison with that of the spin flow in
the direction orthogonal to the interface.
Representative results obtained for variations of the total
spin-current density J = Jsp + Jsi with time are presented
in Fig. 5. Since the discussed spin current flows along the
x3 axis of our coordinate system shown in Fig. 1, the only
nonzero elements of the tensor Js are Js3k (k = 1, 2, 3).
Figure 5 shows that, at the considered high voltage ampli-
tude Vmax = 400 mV, Js31(t) and J
s
32(t) exhibit strongly
non-sinusoidal time dependences, whereas Js33(t) is distin-
guished by an approximately sinusoidal one. Concerning the
contributions of precession-induced spin pumping and spin-
polarized charge current, we see that the sweep of J sp31(t)
is almost the same as the J si31(t) one, while the sweep of
J sp32(t) is noticeably bigger than that of J
si
32(t). In contrast,
the sweep of J si33(t) is much larger than that of the density
J sp33(t), which does not change sign and varies with time only
slightly (Fig. 5).
The sweep ∆Js3k characterizes the ac component of the
spin-current density Js3k(t), and the dc component 〈Js3k〉 can
be determined by averaging Js3k(t) over the period 1/f of
voltage oscillations. Note that J si31(t) and J
si
32(t) oscillate with
the double excitation frequency 2f , because the magnetiza-
tion projections m1(t) and m2(t) involved in Eq. (5) undergo
significant variations with time (see Fig. 4). Interestingly,
the numerical calculations show that the spin injection J si32(t)
does not significantly influence the ac component of the total
spin-current density Js32(t). Therefore, the ac component of
Js32(t) practically equals that of J
sp
32(t), thus characterising the
precession-induced spin current. Furthermore, the dc compo-
nent of J sp32(t) is almost zero so that the time-averaged value of
Js32(t) is governed by the spin injection. Figure 6 shows vari-
ations of the ac components ∆Js31, ∆J
s
32, and ∆J
s
33 with the
excitation frequency f , which take place near the resonance
frequency fres of the magnetization precession. It can be seen
that ∆Js31 and ∆J
s
32 have a strong peak at fres, while ∆J
s
33
only weakly depends on the excitation frequency. Remark-
ably, the secondary peak of ∆Js31 and ∆J
s
32, which is located
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FIG. 6. Frequency dependences of the ac components of spin-current densities Js31 (a), Js32 (b), and Js33 (c) generated at the Au|CoFeB
interface by microwave voltages with different amplitudes Vmax indicated near the graphs.
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FIG. 7. Frequency dependences of the dc components of spin-current densities Js31 (a), Js32 (b), and Js33 (c) generated at the Au|CoFeB
interface by microwave voltages with different amplitudes Vmax indicated near the graphs.
at f ≈ fres/2, rapidly grows with increasing voltage ampli-
tude Vmax and becomes comparable in magnitude with the
main peak at Vmax ≥ 400 mV. In contrast, the dc spin-current
densities 〈Js3k〉 exhibit strong peaks near fres only (see Fig. 7).
To illustrate the influence of the voltage amplitude Vmax on
the spin-current density generated near the CoFeB|Au inter-
face, we presented in Fig. 8 the dependences ∆Js32(Vmax)
and 〈Js32〉(Vmax) evaluated at the voltage-dependent reso-
nance frequency fres(Vmax). Below the threshold amplitude
Vth ≈ 205 mV, the ac component varies with Vmax almost
linearly, whereas the dc component follows the power law
〈Js32〉 ∝ V 2max. At higher voltage amplitudes, both ∆Js32
and 〈Js32〉 increase slower than expected from the above de-
pendences, but at Vmax = 600 mV they reach significantly
enhanced values of about 0.7 and 0.2 µJ m−2, respectively. It
should be noted that these values differ strongly from the spin-
current densities ∆Js32 ∼ 0.1 µJ m−2 and 〈Js32〉 ∼ 2 µJ m−2
generated by the Co20Fe60B20/MgO/Co20Fe60B20 MTJ ex-
cited by direct charge current [56].
The spin-current densities Js3k presented in Figs. 5-8 are
partially suppressed at the interface by the spin backflow Jsb.
The product en · Jsb consists of the components parallel and
perpendicular to the magnetization direction m, which are
caused by spin injection and spin pumping, respectively [see
Eq. (5) and expression for spin pumping]. Numerical esti-
mates show that the conductance mismatch problem does not
appear for the CoFeB|Au interface. Accordingly, the longi-
tudinal spin backflow is negligible compared to Jsi in our
case. In contrast, the transverse spin backflow reduces the spin
pumping significantly. To calculate the actual spin-current
density JAu(x3) in Au, we solve the spin diffusion equation
with appropriate boundary conditions for spin injection and
pumping. The boundary condition at x3 = tAu represents
zero spin flux. The boundary condition at the interface reads
en ·JAu = en ·Jsi + en ·Jsp−Re
[
gr↑↓
]
µs/4pi [8], where µs
is the spin accumulation in Au near the interface. It should be
noted that in our case µs = 2kBT (N↑ − N↓)/(N↑ + N↓),
where N↑ and N↓ are the densities of states in Au, which
characterize spin-up and spin-down electrons at the Fermi
level. The introduction of spin accumulation allows to ex-
press the diffusive spin-current density in Au as JAu =
−[σAu~/(4e2)]∂µs/∂r [57], where σAu is the electrical con-
ductivity of Au. Solving the diffusion equation in the adia-
batic approximation [57], we obtain an analytic relation
JAu(x3) =
sinh [(tAu − x3)/λsd]
sinh [tAu/λsd][
Jsi + Jsp
(
1 + Re
[
gr↑↓
] λsde2
piσAu~
coth
tAu
λsd
)−1]
,
(6)
8which describes how JAu decays with the distance x3 from
the CoFeB|Au interface due to spin relaxation and diffusion.
Equation (6) is similar to the formula presented in [12], but
differs by the spin-current density at the interface Jsi + Jspβ,
where β is the backflow factor. Taking σAu = 4.5 ×
107 S m−1 [58], we find β ≈ 0.6 so that the actual spin pump-
ing into Au is smaller than Jsp by about 40%.
Our theoretical results demonstrate that the
CoFeB/MgO/CoFeB tunnel junction subjected to a mi-
crowave voltage with an appropriate frequency represents
a promising spin injector into normal metals. Since the
generated spin current creates a charge current owing to
the inverse spin Hall effect (ISHE), the efficiency of spin
injection can be probed electrically [11]. Motivated by this
opportunity, we calculated distributions of the charge-current
density Jc(r, t) and electric potential φ(r, t) in the Au
overlayer in the quasistatic approximation [56]. As the ISHE
contribution JISHE to the density Jc is governed by the vector
product of the spin accumulation µs and the unit vector es
directed along the spin flow [59], the element JAu33 of the
spin-current-density tensor JAu does not affect JISHE and
can be disregarded. Further, the elements JAu31 and J
Au
32
create contributions only to the projections of JISHE on the
orthogonal axes x2 and x1, respectively. Restricting our
calculations to the determination of the charge transport in
the (x1, x3) plane, which governs the transverse voltage
V1(x3) = φ(x1 = L1, x3) − φ(x1 = 0, x3) between
the sides of Au overlayer normal to the x1 axis (Fig. 1),
we may disregard JAu31 as well. For the relevant projec-
tion J ISHE1 of the ISHE current density, the theory gives
J ISHE1 (x1) = αSH(2e/~)JAu32 (x3), where αSH = 0.0035 is
the spin Hall angle of Au [12], and the spin-current density
JAu32 is determined by Eq. (6).
The total density Jc of the charge current flowing in the
Au layer is the sum of the ISHE contribution JISHE and the
drift contribution Jdrift = −σAu∇φ. To calculate the electric
potential φ(r, t), we used the Laplace’s equation ∇2φ = 0
appended by appropriate boundary conditions. Namely, the
charge-current density Jc3 at the CoFeB|Au interface x3 = 0
was set equal to the density Jc = GVac of the tunnel cur-
rent, which was assumed uniform, because the anomalous
Hall effect in the CoFeB layer has a weak effect on the trans-
verse voltage V1(x3) [56]. The same boundary condition
was introduced at the upper boundary x3 = tAu of the Au
overlayer to exclude the charge accumulation in Au. At the
side boundaries x1 = 0 and x1 = L1 of the overlayer,
the total current density Jc3 should go to zero, which yields
σAu∂φ/∂x1 = J
ISHE
1 , where J
ISHE
1 is directly proportional
to the spin-current density given by Eq. (6). Remarkably, be-
cause of this condition the transverse voltage V1(x3, t) at any
time moment is a linear combination of J sp32(t) and J
si
32(t) pre-
sented in Fig. 5. Taking into account that ∆(J si32 + J
sp
32) ≈
∆J sp32 and 〈J si32 + J sp32〉 ≈ 〈J si32〉, we find that the ac com-
ponent ∆V1(x3) of the transverse voltage is proportional to
spin pumping, whereas the dc component 〈V1〉(x3) is propor-
tional to spin injection. Hence a certain tunneling heterostruc-
ture has the universal dependences of the normalized voltages
∆V1(x3)/∆J
s
32 and 〈V1〉(x3)/〈Js32〉 on the distance x3 from
~Vmax
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FIG. 8. Dependences of the ac and dc components ∆Js32 and
〈∆Js32〉 of the spin-current density Js32 on the voltage amplitude
Vmax, which were evaluated at the voltage-dependent resonance fre-
quency fres(Vmax). Vertical dashed line indicates the threshold volt-
age amplitude Vth.
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FIG. 9. Normalized transverse voltage between the sides of Au
overlayer normal to the x1 axis plotted as a function of the distance
x3 from the Au|CoFeB interface.
the interface, which do not depend on the amplitude Vmax and
frequency f of the electrical excitation.
For the considered spin injector, the numerical calcula-
tions demonstrate that the variations of ∆V1(x3)/∆Js32 and
〈V1〉(x3)/〈Js32〉 follow the curves shown in Fig. 9. Thus,
using the curves in Fig. 9 together with the data presented
9FIG. 10. Semiconducting GaAs bar sandwiched between electrically excited CoFeB/MgO/CoFeB tunnel junction and MgO/metal bilayer. In-
formation on the spin accumulation in GaAs can be obtained by measuring the voltage Vs between ferromagnetic nanocontacts with antiparallel
magnetizations coupled to the bar surface.
in Fig. 8, one can evaluate the voltage swing ∆V1(fres)
induced by the spin pumping and the time-averaged trans-
verse voltage 〈V1〉(fres) proportional to the spin injection.
At Vmax = 600 mV and fres = 1.16 GHz, the calculation
yields ∆V1 > 6.3 nV and 〈V1〉 > 3.6 nV for the Au region
x3 < 30 nm near the interface. The predicted transverse volt-
ages can be detected experimentally, which indicates signifi-
cant efficiency of the proposed spin injector.
IV. SPIN PUMPING INTO SEMICONDUCTOR
To demonstrate that MTJs excited by microwave voltages
can be employed as efficient spin injectors into semiconduc-
tors too, we study the spin accumulation in a long GaAs
bar connected to the CoFeB/MgO/CoFeB junction and sep-
arated from a normal-metal (NM) lead by a thin MgO in-
terlayer (see Fig. 10). The length Lsc of the GaAs bar is
much larger than the FL size L1 along the x1 axis, while its
width along the x2 axis is equal to the FL size L2. The con-
sidered Si-doped GaAs with the donor concentration ND =
1018 cm−3 is a degenerate semiconductor [60], which forms
an Ohmic contact with CoFeB. Indeed, n+-GaAs has the elec-
tron mobility χsc = 0.23 m2 V−1 s−1 [61] and the con-
ductivity σsc = χscNDe = 3.68 × 104 S m−1, which is
only one order of magnitude smaller than the conductivity
σFL = 4.45 × 105 S m−1 of CoFeB [62]. From the mea-
sured spin-flip relaxation time τsf = 0.9 ns [63] and the
diffusion coefficient D = 6 × 10−3 m2 s−1 obtained via
the Einstein relation it follows that the spin-diffusion length
λsc =
√
Dτsf in n+-GaAs amounts to about 2.32 µm at room
temperature. Hence the spin accumulation µs(r), which is
the difference between the chemical potentials for spins par-
allel and antiparallel to the direction determined by the total
nonequilibrium spin-imbalance density [8], should be homo-
geneous in the considered GaAs bar with the nanoscale thick-
ness tsc = 30 nm << λsd along the x3 axis normal to the
CoFeB|GaAs interface. Assuming µs(r) to be uniform along
the x2 axis as well, we obtain a one-dimensional diffusion
equation (kB is the Boltzmann constant)
∂µs
∂t
=
4kBT
~NDtsc
en · JΣ +D∂
2µs
∂x21
− µs
τsf
(7)
for the sought function µs(x1). The first term on the r. h. s.
of Eq. (7) differs from zero only at −L1/2 ≤ x1 ≤ L1/2 and
describes the spin generation in the bar section adjacent to FL.
The total spin-current density JΣ is the sum of four contribu-
tions, which result from the spin pumping into GaAs (Jsp),
spin injection from FL into GaAs (Jsi), spin backflow from
GaAs to FL (Jbf ), and spin loss caused by the spin-polarized
tunnel current flowing across the MgO interlayer separating
GaAs from the NM lead (Jsl). The spin-injection density Jsi
can be calculated using Eq. (5), where the FL spin polarization
pFL should be replaced by the effective polarization peff =
pFL
[
1 + (1 − p2FL)(σFLλsc)/(σscλFL)
]−1
[5] depending on
the CoFeB spin-diffusion length λFL = 6.2 nm [64]. With
the numerical values of the involved parameters the calcula-
tion gives very small effective polarization peff = 1.6×10−4,
which means that the spin injection into n+-GaAs is negligi-
ble due to small product σscλFL in comparison with σFMλsc.
Accordingly, the spin-accumulation vector µs appears to be
almost orthogonal to the FL magnetization M, and the spin
backflow from GaAs to FL can be evaluated via the relation
en · Jbf ' −Re
[
gr↑↓
]
µs/4pi [30]. Finally, the spin loss Jsl
caused by the charge current Jc flowing across the GaAs|MgO
interface equals en ·Jsl = −(~/2e)Jcµs/(2kBT ). The distri-
bution µs(x1) of spin accumulation along the GaAs bar was
calculated by solving Eq. (7) numerically with the boundary
condition ∂µs/∂x1 = 0 at x1 = ±Lsc/2. We assumed
that the MgO tunnel barrier separating GaAs from the NM
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lead has the same conductanceGP as the CoFeB/MgO/CoFeB
junction in the state with parallel electrode magnetizations.
Since the GaAs resistance is negligible in comparison with
that of two MgO barriers, the dependence of the charge cur-
rent Jc on voltage V applied to the whole heterostructure
was approximated by the relation Jc = V GPG(m1)/[GP +
G(m1)]. The electrically induced dynamics of the FL mag-
netization was recalculated with the account of the modi-
fied τSTT = (γ~/2e)(VMTJGP/tFL)η/(1 + η2) and VCMA
Ks = K
0
s + ksVMTJ/tb resulting from a lower voltage
VMTJ = V GP/[GP +G(m1)] applied to the MTJ. The spin-
pumping contribution Jsp to the total spin-current density JΣ
involved in Eq. (7) was evaluated using the spin-mixing con-
ductance Re
[
gr↑↓
]
= 1.5× 1017 m−2 determined experimen-
tally for the Ni81Fe19|GaAs interface [15].
The numerical calculations showed that the spin accumu-
lation µs in GaAs is determined by the competition of spin
pumping Jsp and spin backflow Jbf across the CoFeB|GaAs
interface, while the spin loss Jsl through the GaAs|MgO in-
terface is negligible in comparison with Jbf . Further, the dif-
ferences between nonzero components of Jsp and Jbf + Jsl
are about 1% only, which shows that near the CoFeB|GaAs
interface the spin accumulation is close to saturation. Taking
into account that only Jsp and Jbf create significant contribu-
tions to JΣ, we solved Eq. (7) analytically. Since the spin-
flip relaxation time τsf = 0.9 ns is comparable to the period
1/fres ∼ 1 ns of magnetization precession, the quasistatic
approximation cannot be employed, and µs(x1) should be re-
garded as a complex quantity. After some mathematical oper-
ations, we obtained the following relation between the Fourier
components of µs and Jsp:
μs2
(μeV)
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FIG. 11. Spatio-temporal map of the spin accumulation in
the 5-µm-long n+-GaAs bar coupled to the electrically excited
CoFeB/MgO/CoFeB tunnel junction. The map gives the spin-
accumulation component µs2(x1, t) generated by the microwave volt-
age with the amplitude Vmax = 800 mV and frequency f =
1.2 GHz. Vertical dashed lines indicate the surface region, where
the bar is coupled to the junction’s free layer.
µωs (x1) =
4kBTτsf
~NDtsc(1 + iωτsf)χ
en · Jωsp
×

1
χ
− cosh (2x1κχ) csch (L1χκ)
χ2 coth [(Lsc − L1)κ] + χ coth (L1χκ) , |x1| <
L1
2
cosh [(Lsc − 2|x1|)κ] csch [(Lsc − L1)κ]
χ coth [(Lsc − L1)κ] + coth (L1χκ) , |x1| >
L1
2
,
(8)
where κ =
√
1 + iωτsf/(2λsc) and χ =√
1 + kBTτsfRe
[
gr↑↓
]
/[pi~NDtsc(1 + iωτsf)]. By com-
bining Eq. (8) with numerical results obtained for the
electrically driven precession of the FL magnetization m(t)
and the accompanying spin pumping Jsp(m), one can calcu-
late the spin accumulation µs as a function of the distance
|x1| from the bar center and the time t. At small frequencies
ω << 1/τsf , the parameter κ is real, and the phase of
µs(t) does not depend on the position x1. However, at the
precession frequencies f ∼ 1 GHz the spin accumulation
µs(x1, t) has a position-dependent delay from the applied
voltage V (t).
Figure 11 shows the spatio-temporal map of the spin-
accumulation component µs2(x1, t) generated in 5-µm-long
n+-GaAs bar by the applied voltage with amplitude Vmax =
800 mV and frequency f = 1.2 GHz. Since this frequency
corresponds to the main peak of the magnetization precession,
we assume that J sp32 and µ2 exhibit almost simple harmonic os-
cillations with the excitation frequency f . However, these os-
cillations lag behind the applied microwave voltage by about
0.25 ns at |x1| = Lsc/2 in the 5-µm-long bar (see Fig. 11).
The averaging of µs2(x1, t) over the oscillation period
shows that the mean spin accumulation 〈µs2(x1)〉 is negligible
in comparison with the oscillation amplitude δµs2(x1). The
maps presented in Fig. 12 demonstrate how the magnitude
Vmax of applied microwave voltage influences the spatial dis-
tribution of δµs2(x1) calculated at the voltage-dependent reso-
nance frequency fres(Vmax). Remarkably, the ac component
of the spin accumulation remains significant even at the ends
of the considered GaAs bars with the length Lsc ranging from
2 to 5 µm. When Lsc is smaller than the spin diffusion length
λsc = 2.32 µm, δµs2(x1) appears to be weakly dependent on
the coordinate x1 near the bar ends [Fig. 12(a)]. In contrast, it
decreases more rapidly with the distance from the bar center at
Lsc > λsc [Fig. 12(b)] and becomes smaller everywhere due
to the spreading of nonequilibrium spin imbalance in a larger
volume.
The spin accumulation in the GaAs bar can be measured
experimentally by a method similar to a nonlocal detection
of the spin injection into a normal conductor [3, 65]. The
method employs two ferromagnetic nanostrips integrated onto
the bar surface and connected to a voltmeter (see Fig. 10).
The nanostrips should be oriented along the x2 axis and
have antiparallel in-plane magnetizations. The presence of
the spin accumulation µs2(x1, t) in the GaAs region beneath
ferromagnetic strips with nanoscale widths ∼ 10 nm and
small separation ∆x1 << x1 manifests itself in a voltage
Vs(x1, t) ∝ µs2(x1, t) between the nanocontacts. In the case
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FIG. 12. Spin accumulation in the 2-µm-long (a) and 5-µm-long (b) n+-GaAs bars as a function of the spatial position x1 and the amplitude
Vmax of the microwave voltage applied to the heterostructure. The maps present the amplitude δµs2(x1) of the oscillating spin-accumulation
component µs2(x1, t) calculated at the voltage-dependent resonance frequency fres(Vmax). Lines show curves on which δµs2 remains constant.
of Fe nanocontacts forming Schottky tunnel barriers with n+-
GaAs, Vs(x1, t) = ηIEpFeµs2(x1, t)/e, where ηIE ≈ 0.5
is the spin transmission efficiency of the GaAs|Fe interface
and pFe ≈ 0.42 is the spin polarization of Fe at the Fermi
level [65]. Using this relation, we calculated frequency spec-
tra of the spin signals Vs(x1, t) generated in the 0.8-µm-long
n+-GaAs bar at different excitation frequencies f . The map
presented in Fig. 13 demonstrates amplitudes of the Fourier
components of Vs(t) determined at Vmax = 800 mV and
the distance |x1| = 300 nm from the bar center. It can be
Vs (μV)
0
0.05
0.10
0.15
0.20
0.25
FIG. 13. Frequency spectra of the spin signals Vs(t) generated in
the 0.8-µm-long n+-GaAs bar at different excitation frequencies f .
The map shows amplitudes of the Fourier components of Vs(t) at the
spatial position x1 = 300 nm. The applied voltage has the amplitude
Vmax = 800 mV, and its frequency increases from lower to higher
values.
seen that the maximal ac spin signal with the amplitude of
about 0.26 µV and frequency fs = f appears at the excitation
frequencies f = 1.2 − 1.4 GHz close to the resonance fre-
quency fres. In addition, the Fourier components of Vs(t) with
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FIG. 14. Power consumption of the CoFeB/MgO/CoFeB/GaAs/
MgO heterostructure as a function of the amplitude of the applied
microwave voltage.
frequencies fs slightly above fres exhibit smaller maxima at
the excitation frequencies f ≈ fres/n, which correspond to
secondary peaks of the precession amplitude similar to those
shown in Fig. 2(c). Remarkably, such spin signals have sig-
nificant amplitudes ranging from 0.12 µV at f ≈ fres/2 to
0.04 µV at f ≈ fres/3, which can be detected experimentally.
Thus, the proposed spin injector allows the generation of the
ac spin accumulation in GaAs oscillating with the microwave
frequency fs ≈ fres several times higher than the excitation
12
frequency. Such frequency multiplication could be useful for
device applications.
The mean power consumption 〈W 〉 of the proposed spin
injector can be estimated from the relation
〈W 〉 = fL1L2
∫ 1/f
0
Jc[t,m1(t)]Vac(t)dt, (9)
where the integral is taken over the period of an applied ac
voltage. Figure 14 shows the dependence 〈W 〉(Vmax) calcu-
lated for the CoFeB/MgO/CoFeB/GaAs/MgO heterostructure
considered in this work. It can be seen that 〈W 〉 ∝ V 2max rises
rapidly with the voltage amplitude, but remains well below
100 µW even at Vmax = 1 V. Hence the power dissipation
of the electrically driven spin injector is more than two orders
of magnitude smaller than that of the device excited by the
microwave magnetic field (∼ 10 mW) [15].
V. CONCLUSIONS
In this paper, we theoretically described the spin
dynamics in the Co20Fe60B20/MgO/Co20Fe60B20/Au and
Co20Fe60B20/MgO/Co20Fe60B20/GaAs heterostructures sub-
jected to a microwave voltage. Our calculations were
focused on the heterostructures comprising a nanoscale
Co20Fe60B20/MgO/Co20Fe60B20 tunnel junction with an ul-
trathin FL having perpendicular magnetic anisotropy (Fig. 1).
By solving the LLGS equation numerically, we first quanti-
fied the electrically induced precession of FL magnetization
with the account of STT created by the spin-polarized cur-
rent flowing through FL, VCMA associated with the FL|MgO
interface, and enhanced Gilbert damping caused by the spin
pumping into the overlayer. The calculated dependences of
the precession amplitude on the frequency f and magnitude
Vmax of the applied voltage showed that FL exhibits strongly
nonlinear dynamic behavior at Vmax > 200 mV. In particu-
lar, the main peak of precession amplitude located at the reso-
nance frequency fres becomes asymmetric with a break on the
left side [Fig. 2(b)], which is similar to the behavior of a Duff-
ing oscillator with a softening nonlinearity [51]. At higher
applied voltages Vmax > 500 mV, the frequency dependence
of precession amplitude also involves strong secondary peaks
and additional breaks [Fig. 2(c)].
The description of the magnetization dynamics occuring in
the Co20Fe60B20 FL enabled us to quantify the spin injec-
tion and pumping into the Au and GaAs overlayers. The total
spin-current densities Js3i generated near the interface were
calculated as a function of time at different frequencies and
amplitudes of the applied voltage (Fig. 5). The analysis of
these time dependences showed that the densities Js3i(t) con-
tain both ac and dc components, which mostly maximize un-
der resonant excitation (Figs. 6 and 7). Interestingly, the ac
components ∆Js31 and ∆J
s
32 also strongly increase at the ex-
citation frequencies f ≈ fres/2 and high voltage amplitudes
Vmax ≥ 400 mV.
To evaluate the efficiency of spin generation in Au, we de-
termined the distribution of electric potential in the 200-nm-
thick Au overlayer by solving the Laplace’s equation. The
charge current flowing in the overlayer was calculated with
the account of the drift contribution and the inverse spin Hall
effect. When finding the spatial distribution of the actual
spin-current density JAu we considered the spin injection and
pumping at the FL|Au interface, spin relaxation and diffusion
inside Au, and the spin backflow into FL. The calculated dis-
tribution of the electric potential φ was used to determine the
transverse voltage V1(x3) = φ(x1 = L1, x3)−φ(x1 = 0, x3)
between the sides of Au overlayer normal to the x1 axis par-
allel to the RL magnetization. It was found that both ac and
dc components of this time-dependent voltage can be mea-
sured experimentally at small distances x3 < 30 nm from the
FL|Au interface under excitation by the microwave voltage
with f = fres and Vmax = 600 mV. The measured depen-
dence V1(x3) provides information on the spatial decay of the
actual spin-current density JAu32 reduced by spin backflow into
FL and spin relaxation in Au.
In the final part of this study, we quantified the time-
dependent spin accumulation in the n+-GaAs bar coupled to
the CoFeB/MgO/CoFeB junction at the center and separated
from the NM lead by a thin MgO interlayer (Fig. 10). By
solving numerically the spin diffusion equation with appro-
priate boundary conditions, we calculated the spatio-temporal
map of the spin-accumulation component µs2(x1, t) in the bar
(Fig. 11). It was revealed that there is a position-dependent
delay of µs2(x1, t) from the applied microwave voltage Vac(t).
The time-averaged value 〈µs2(x1)〉 of the oscillating spin ac-
cumulation was found to be negligible in comparison with
the oscillation amplitude δµs2(x1). At the same time, the ac
component δµs2(x1) of the spin accumulation under resonant
excitation remained to be significant even at the ends of the
5-µm-long n+-GaAs bar. To detect this component, we pro-
posed to use two ferromagnetic nanostrips integrated onto the
bar surface and connected to a voltmeter (Fig. 10). The volt-
age Vs(x1, t) ∝ µs2(x1, t) between such nanocontacts and its
frequency spectrum were calculated. The results showed that
the maximal ac spin signal appears at the excitation frequen-
cies f = 1.2 − 1.4 GHz close to the resonance frequency
fres. Its frequency fs is equal to the excitation one, and
the amplitude is about 0.26 µV at a representative distance
|x1| = 300 nm from the bar center. In addition, the Fourier
components of Vs(t) with frequencies fs slightly above fres
exhibit significant maxima at the excitation frequencies about
fres/2 and fres/3. These results demonstrate high efficiency
of the described nanoscale spin injector and the possibility of
ac spin accumulation with frequency multiplication. It should
be noted that the proposed device is distinguished from the
spin injector driven by a microwave magnetic field [15] by a
compact design and low power consumption.
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